The control of ovarian steroidogenesis during pregnancy is mainly of endocrine origin. At present, there is little information about the influence of neural factors on the gestation physiology. The purpose of this work was to study the action of cholinergic agents in celiac ganglion upon the liberation of progesterone and ovarian androstenedione in the second half of pregnancy in rats. We used the ex vivo celiac ganglion-superior ovarian nerve-ovary integrated system (celiac ganglion-SON-ovary) that was incubated in buffer solution for 180 min, with the celiac ganglion and the ovary located in different compartments and linked by the SON.
Introduction
Steroids play multiple roles in the physiological regulation of ovarian function, and locally produced steroid hormones may have important autocrine and paracrine effects in the ovary (Gibori 1993 , Hillier et al. 1994 .
The main steroids in pregnant rats are progesterone, secreted by the corpus luteum and androstenedione, secreted by the theca and interstitial cells. Both hormones provide a microenvironment adequate for the advance of pregnancy (Gibori 1993) . Their synthesis is regulated by the hypophysial gonadotropins and modulated by placental factors (Rothchild 1981) among others (Villavicencio et al. 2002) and the neural effect mainly caused by the superior ovarian nerve (SON) (Lawrence & Burden 1980 , D'Albora et al. 2000 , Aguado 2002 . Using different experimental schemes, we have demonstrated that the SON modifies the liberation of ovarian steroids in different stages of life in rats (De Bortoli et al. 2000 , Sosa et al. 2000 , Casais et al. 2001 , 2006 , Forneris & Aguado 2002 . Fibers from the SON directly innervate the theca and secondary interstitial cells and they exert an indirect action on the corpus luteum (Erickson et al. 1985) . Although such structure is not innervated, it possesses adrenergic b 1 and b 2 receptors, and it has been demonstrated that progesterone, its principal secretion product, is the most sensitive steroid to the neural action (Pesta et al. 1994 , Miszkiel & Kotwica 2001 . In rats, during pseudopregnancy and cyclic periods, it has been demonstrated that the luteal cells increase progesterone release when they are stimulated by adrenergic agonists (Norjavaara et al. 1989 , Sosa et al. 2000 . However, during pregnancy, they do not respond to direct adrenergic stimulation. However, when using the ex vivo celiac ganglion-SONovary system, the action of adrenergic agents in celiac ganglion modified the liberation of progesterone during the second half of pregnancy (Casais et al. 2001) .
Most of the fibers that constitute the SON derive from main neurons of the celiac ganglion which is a component of the prevertebral ganglion chain and it is a modulation center in the pathway of the afferent and efferent fibers between the central nervous system and the ovary (Baljet & Drukker 1979 , Lawrence & Burden 1980 , Klein & Burden 1988 .
It has been demonstrated that in the sympathetic ganglia its preganglion neurotransmitter is acetylcholine (Klein & Burden 1988) and that it possesses nicotinic and muscarinic cholinergic receptors in the principal cells as well as muscarinic receptors in other neuronal populations (Matthews 1989 , Reid & Perry 1995 , Prud'Homme et al. 1999 . The stimulation of such receptors causes modifications in the steroids' liberation, in cyclic rats ) and prepubertal rats as well as in male rats (Zhu et al. 2002) .
Without attempting to oversimplify the complex problem of ganglionic functioning and regulation, the aim of this work was to demonstrate the effect of cholinergic agents in celiac ganglion upon the release of ovarian progesterone and androstenedione during the second half of pregnancy in two different stages: (1) on Day 15 when the corpus luteum is at its maximum in the secretion of progesterone, and the placenta constitutes the main source of androstenedione; (2) at the end of pregnancy when the luteal regression starts with the subsequent decrease of progesterone. In this stage, androstenedione, a well-known luteotropic agent, is secreted by the ovarian interstitial cells that are directly innervated.
For this, we used the celiac ganglion-SON-ovary system previously standardized in our laboratory (Casais et al. 2001) . This system permits an in vitro emulation of in vivo conditions, preserving innervation and paracrine and autocrine regulations without the humoral influence.
Materials and Methods

Animals
Adult female rats bred in our laboratory (originally Holtzman strain) and weighing 220G50 g were used. The rats were housed under controlled light (lights on from 0700 to 1900 h) and temperature (24G2 8C) conditions and water and food provided ad libitum (rat chow-Cargil SACI; Saladillo, Buenos Aires, Argentina).
To induce pregnancy, female rats were caged individually with fertile males beginning on the afternoon of pro-estrus. Positive mating was verified on the following morning by identifying sperm or copulation plugs in the vagina. This day was designated as Day 0 of pregnancy. In our laboratory rats usually give birth on Day 22. Animals were handled according to the procedures approved in the UFAW Handbook on the Care and Management of Laboratory Animals (1999) 
Experimental procedure
Groups of six animals on Days 15, 19, 20 and 21 of pregnancy were used. Surgical operations and standardization of incubation conditions of the celiac ganglion-SON-ovary system were performed as previously reported (Casais et al. 2001) . Briefly, under atmosphere of ether anesthesia, the system was removed from each animal in 1-2 min. In each of the experimental procedures the piece of tissue removed consisted, of the left ovary, the fibers that constitute the SON, inserted in the suspensory ligament, and the celiac ganglion accompanied by some small ganglia sorrounding it. The system as a whole was cleaned with incubation solution and placed immediately in a cuvette with two compartments. Each compartment contained 2 ml of Buffer Krebs Ringer-bicarbonate pH 7.4, with the addition of 0.1 mg glucose/ml and 0.1 mg albumin/ml, as has been described for incubation of ovaries in other in vitro systems (Ferruz et al. 1992) . The celiac ganglion was placed in one compartment and the ovary in the other, connected by the SON, which had to be kept moist with the work solution.
The system was pre-incubated at 37 8C in Krebs Ringer's buffer for 30 min under saturated O 2 /CO 2 (95:5%) atmosphere. The end of the pre-incubation period was considered as incubation time 0. At this time, the buffer was changed in both compartments and periodical extractions were made from the ovarian compartment at 30, 60, 120 and 180 min for the determination of progesterone and androstenedione release. 0.1 mg ascorbic acid/ml (in Krebs Ringer) was added as an antioxidant agent to the ganglion compartment at incubation time 0.
The values of progesterone and androstenedione released under these conditions were considered as control (control group). For the experimental groups acetylcholine (Ach) as cholinergic agonist, hexametonium (C 6 ) as nicotinic antagonist and atropine (At) as muscarinic antagonist were used. The cholinergic agents were given individually in the ganglionic compartment at incubation time 0. That is, for each of them an experiment under similar conditions to the control group was carried out with addition of the studied cholinergic agents. The different substances were dissolved in equal concentrations (10 K6 mol/l) and volumes (2 ml) of Krebs Ringer's solution plus ascorbic acid. The dose of drug was chosen according to previous works of our research group with adrenergic and cholinergic agents whose standardization was done by means of dose/response curves (Sosa et al. 2000 , Casais et al. 2001 . Besides, the appropriate bibliography such as Reid & Perry (1995) was previously checked.
The samples of liquid from the ovarian compartment were stored in a freezer at K20 8C until hormonal assay. Progesterone and androstenedione were measured by radioimmunoassay (RIA), which was previously validated (Bussman & Deis 1979) . The variability and crossreaction of this RIA have been previously reported too (Bussman & Deis 1979) . The sensitivity of the progesterone assay is less than 5 ng progesterone/ml and the interand intra-assay coefficients of variation were less than 10%. The androstenedione assay sensitivity was less than 0.01 ng androstenedione/ml. The intra-assay coefficients of variation for all the assays were less than 10.0%.
The results were expressed as pg of progesterone per mg of ovarian tissue (Ppg/mg ovary) against time of incubation and as pg of androstenedione per mg of ovarian tissue (A 2 Ppg/mg ovary) against time of incubation. The corresponding corrections were made in all cases, taking into consideration the volume extracted in each tested period.
Statistical analysis
Comparisons between the means of two groups were carried out using the Student's t test. For multiple comparisons the analysis of the variance (ANOVA I), followed by Duncan's multiple range test, was used. A level of P!0.05 was accepted as being statistically significant (Snedecor & Cochram 1976) .
Results
Ovarian progesterone release by ganglionic cholinergic action in the second half of pregnancy
The celiac ganglion-SON-ovary system of rats with 15, 19, 20 and 21 days of pregnancy was used in order to investigate if acetylcholine and its antagonists (10 K6 mol/l), in celiac ganglion, had an influence on the ovarian progesterone release.
The results of each experiment are expressed with respect to the corresponding control group. On Day 15 of pregnancy, cholinergic agents caused a decrease in the progesterone release. The release was significant with acetylcholine at 30, 120 and 180 min ( † P!0.05), with hexametonium only at 180 min ( † P!0.05) and with atropine at all the studied times (*P!0.01) (Fig. 1 A) .
On Day 19 of pregnancy, acetylcholine added to celiac ganglion did not modify ovarian progesterone release. Hexametonium and atropine decreased the release at short times (C 6: 30 and 60 min † P!0.05 and At: 30 min † P!0.05) (Fig. 1 B) .
On Day 20 of pregnancy, acetylcholine did not produce any effect on the ovarian progesterone release, whereas hexametonium increased it significantly only at 180 min ( † P!0.05), and atropine decreased it at long times (120 and 180 min ( † P!0.05) (Fig. 1C) .
On Day 21 of pregnancy, acetylcholine did not produce any effect on the ovarian progesterone release, whereas hexametonium increased it significantly at 60 min (* P!0.01), and atropine until 120 min (30 and 60 min † P!0.05; 120 min * P!0.01) (Fig. 1D ).
Ovarian androstenedione release by ganglionic cholinergic action in the second half of pregnancy
Having demonstrated that the celiac ganglion-SONovary system has its own neural tone in the case of progesterone release (Casais et al. 2001 ) for a gland like corpus luteum, which is not directly innervated by the SON, it seems necessary to investigate this aspect in the theca-interstitial cells, which are producers of androstenedione (control values) since they are innervated by the neural system mentioned (Erickson et al. 1985) . The higher androstenedione release values were those corresponding to Day 21 of pregnancy, and when compared with this day, the androgen decreased on Day 15 after 120 min (120 min † P!0.05 and 180 min *P!0.01), and on Days 19 and 20, at all the studied times (* P!0.01).
In relation to the ganglion cholinergic action, on Day 15 of pregnancy, ovarian androstenedione release significantly decreased not only with acetylcholine and hexametonium until 120 min (30 and 60 min * P!0.01 and 120 min † P!0.05) but also with atropine at all the studied times (until 120 min * P!0.01 and 180 min † P!0.05) (Fig. 2A) . On Day 19 of pregnancy, acetylcholine and hexametonium decreased ovarian androstenedione release (Ach: 30 and 180 min † P!0.05 and C 6: 30, 60 and 180 min * P!0.01 and 120 min † P!0.05) whereas atropine stimulated it at all the studied times (* P!0.01) (Fig. 2B) .
On Day 20 of pregnancy, acetylcholine added to celiac ganglion decreased androstenedione release at all times (until 120 min † P!0.05 and 180 min * P!0.01). On the other hand, the antagonists increased it, hexametonium after 120 min ( † P!0.05) and atropine at all times (30 and 180 min † P!0.05 and 60 and 120 min * P!0.01) (Fig. 2C) .
On Day 21 of pregnancy, ovarian androstenedione release decreased in the presence of acetylcholine in celiac ganglion (30 and 120 min † P!0.05 and 60 and 180 min * P!0.01) as well as with hexametonium at 180 min ( † P!0.05) and atropine (30, 120 and 180 min † P!0.05) (Fig. 2D) .
Discussion
The results of this study indicate that the addition of acetylcholine in ganglion decreased the liberation of both progesterone and androstenedione on Day 15 of gestation whereas at the end of pregnancy, it decreased the liberation of androstenedione without modifying the decreased levels of progesterone. Due to the effect observed with atropine and hexametonium, acetylcholine action might occur through unspecific ganglionic pathways (Days 15 and 21) or through muscarinic ganglionic receptors (Days 19 and 20) . These findings indicate that the ganglion response to the cholinergic Pregnancy in rats is modulated by ganglionic cholinergic action . The systems were incubated in buffer Krebs Ringer, plus 0.1 mg ascorbic acid/ml at 37 8C in an atmosphere of 95% O 2 -5% CO 2 for 180 min without (control) and with cholinergic agents in 10 K6 mol/l concentration added to the ganglionic compartment (experimental group). Ach: acetylcholine; C 6 : hexametonium; At: atropine. Results are expressed as meanGS.E.M. of six animals per experimental group from respective control. * P!0.01 and † P!0.05. action depends on the dynamics of the processes that occur during pregnancy. Gibori & Sridaran (1981) have shown that the ovary produces androgens during the first half of pregnancy whereas during the second half they are produced by placenta. Before delivery, the ovary takes control again depending on the luteinizing hormone (LH) ( Bogovich et al. 1981 , Gibori & Sridaran 1981 . When working with the celiac ganglion-SON-ovary system during the second half of pregnancy under control conditions, high values of androstenedione are observed on Day 15 which decrease on Days 19 and 20. On Day 21, values increase and they are higher than on Day 15. It is important to emphasize that the high levels of androgen on Day 21 may be due to the new follicles necessary for the establishment of the post-delivery estral cycle. The variability in the androstenedione liberation on the different studied days of pregnancy was also observed with progesterone under the same control conditions (Casais et al. 2001) . These results permit us to assume that the celiac ganglion-SON-ovary system constitutes a viable and functional entity with its own autonomic tone, which permits the use of antagonists in celiac ganglion without the simultaneous addition of the agonist.
M Casais and others
When we analyzed the action of acetylcholine in celiac ganglion upon the liberation of ovarian steroids we observed different responses.
On Day 15, the liberation of progesterone and androstenedione is inhibited at all the studied times. Considering the effect of the antagonists, it can be concluded that in this case the ganglionic action of acetylcholine is through an unspecific way. The existence of these unspecific ganglionic effects could be the consequence of the cholinergic antagonists, action over the specific receptors present on the peptidergic and small intensely fluorescent interneurons. Thus, these neurons could liberate different neurotransmitters which could eventually provoke the same effect of the agonist when acting over receptors present on other interneurons or on the postganglionic neurons. Therefore, we could suggest that the output response of the postganglionic neurons is due to the contribution, regulation and integration of the behavior of different functional populations in the ganglion.
These results are in agreement with those reported by Sosa et al. (2004) for progesterone in Diestrus 1 when the predominant ovarian structure is the corpus luteum, and for progesterone and androstenedione in rats of 30 days of age . In both studies, they use the same system. In both cases, acetylcholine caused the same effect through a similar ganglionic mechanism. The inhibitory effect of acetylcholine might be due to different factors such as the lowest availability of noradrenaline in ovary as it was observed on Diestrus 1 , the ovarian increase of nitric oxide that occurs in prepubertal rats in similar circumstances or the liberation of some other neurotransmitter with inhibiting characteristics (Erdö et al. 1985 , Garraza et al. 2004 . We cannot discard the possibility that an intrinsic gonadotropin-releasing hormone (GnRH) system might be being stimulated in the ovary by ganglionic cholinergic action, via SON, which exerts a well-known inhibitory effect on the luteal steroidogenesis during pregnancy (Sridaran et al 1999 , Yang et al. 2003 .
Towards the end of gestation (Days 19, 20 and 21), though acetylcholine did not modify the liberation of progesterone, it inhibited the liberation of androstenedione.
In relation to progesterone, an effect similar to that caused by acetylcholine was observed by Casais et al. (2001) when adding noradrenaline in celiac ganglion, by which the steroidogenic response to neural action gradually decreases with the establishment of physiological luteal regression at the end of gestation. Likewise, Sosa et al. (2004) demonstrated that the secretion of ovarian progesterone was not modified by the addition of the acetylcholine to the ganglion compartment on Diestrus 2 and pro-estrus when the corpora lutea start regression. However, the existence of neural output is demonstrated by the effect of the antagonists, mainly atropine, which is in general an indication of the system viability and particularly, of the participation of the ganglionic muscarinic receptors mainly at the level of the secondary interneurons. In relation to this, suggested that muscarinic cholinergic neurotransmission in bovine and rat superior cervical ganglia may be affected by hormones. However, Anglin & Brooks (2003) have found that in the superior cervical ganglion, the ganglionic content of tyrosine hydroxylase increases and the norepinephrine transporter decreases on Day 20 of pregnancy, and that the changes depend not only on the changes of estrogen or progesterone.
In relation to the inhibitory action of acetylcholine in celiac ganglion on the liberation of androstenedione, this action would be exerted through muscarinic ganglionic receptors on Days 19 and 20, while on Day 21 it would be exerted through an unspecific pathway. The luteotropic effect of androstenedione has been widely demonstrated in different experimental schemes (Carrizo et al. 1994 , Hillier et al. 1994 , Thordarson et al. 1997 , Goyeneche et al. 2002 and even in the celiac ganglion-SON-ovary via SON (Casais et al. 2006) . Our results indicate that the ganglionic cholinergic action, mainly on the liberation of androstenedione, would act favoring the luteal regression occurring at the end of gestation which is necessary for the delivery to occur.
The present work, permit us to conclude that the peripheral nervous system might be a fine modulator of pregnancy.
